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Abstract

Extreme Ultraviolet Interferometry

by

Kenneth Alan Goldberg

Doctor of Philosophy in Physics

University of California, Berkeley

Professor Roger W. Falcone, Chair

EUV lithography is a promising and viable candidate for circuit fabrication with 0.1-micron critical

dimension and smaller. In order to achieve diffraction-limited performance, all-reflective multilayer-coat-

ed lithographic imaging systems operating near 13-nm wavelength and 0.1 NAhave system wavefront tol-

erances of 0.27 nm, or 0.02 waves RMS. Owing to the highly-sensitive resonant reflective properties of

multilayer mirrors and extraordinarily tight tolerances set forth for their fabrication, EUVoptical systems

require at-wavelength EUVinterferometry for final alignment and qualification.

This dissertation discusses the development and successful implementation of high-accuracy EUV

interferometric techniques. Proof-of-principle experiments with a prototype EUVpoint-diffraction inter-

ferometer for the measurement of Fresnel zoneplate lenses first demonstrated sub-wavelength EUVinter-

ferometric capability. These experiments spurred the development of the superior phase-shifting point-

diffraction interferometer (PS/PDI), which has been implemented for the testing of an all-reflective litho-

graphic-quality EUVoptical system. Both systems rely on pinhole diffraction to produce spherical refer-

ence wavefronts in a common-path geometry. Extensive experiments demonstrate EUVwavefront-mea-

suring precision beyond 0.02 waves RMS. EUVimaging experiments provide verification of the high-

accuracy of the point-diffraction principle, and demonstrate the utility of the measurements in successfully

predicting imaging performance.

Complementary to the experimental research, several areas of theoretical investigation related to

the novel PS/PDI system are presented. First-principles electromagnetic field simulations of pinhole

diffraction are conducted to ascertain the upper limits of measurement accuracy and to guide selection of

the pinhole diameter. Investigations of the relative merits of different PS/PDI configurations accompany a

general study of the most significant sources of systematic measurement errors.

To overcome a variety of experimental difficulties, several new methods in interferogram analysis

and phase-retrieval were developed: the Fourier-Transform Method of Phase-Shift Determination, which

uses Fourier-domain analysis to improve the accuracy of phase-shifting interferometry; the Fourier-



Transform Guided Unwrap Method, which was developed to overcome difficulties associated with a high

density of mid-spatial-frequency blemishes and which uses a low-spatial-frequency approximation to the

measured wavefront to guide the phase unwrapping in the presence of noise; and, finally, an expedient

method of Gram-Schmidt orthogonalization which facilitates polynomial basis transformations in wave-

front surface fitting procedures. 
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Introduction

EUV lithography is a promising and viable candidate for circuit fabrication with 0.1-micron critical

dimension and smaller. To achieve this end at 13-nm wavelength, nearly diffraction-limited, multilayer-

coated, near-normal-incidence reflective optical systems with 0.1 numerical aperture are required (Himel

1993). The suggested wavefront aberration tolerance for these sophisticated, all-reflective systems, com-

posed of aspherical elements, is only 0.02 waves RMS, or 0.27 nm (Williamson 1994). This places

extremely high demands on the fabrication of EUVmirror substrates and multilayer coatings and even

higher demands on the metrology tools required to characterize them.

The EUVwavefront is determined by the geometric figure of the mirror surfaces and by the prop-

erties of the multilayer coatings, which are deposited across mirror areas of several square centimeters.

While advanced visible-light interferometric techniques possessingthe required measurement accuracy

are being developed (Sommargren 1996a, 1996b), optical aberrations arising from multilayer coating

defects and thickness errors are measurable only at the EUVoperational wavelength. Furthermore, it is

widely agreed in the lithography community that final alignment and qualification must be performed at-

wavelength in order to successfully predict the imaging performance of an optical system. These factors

motivate the development of high-accuracy EUVwavefront-measuring interferometry.

This thesis is devoted to the development of EUVinterferometry capable of achieving the highest

wavefront-measuring accuracy and precision. Early proof-of-principle experiments with a prototype EUV

point-diffraction interferometer (PDI)for the measurement of Fresnel zoneplate lenses (Goldberg 1995a,

1995b) demonstrated sub-wavelength EUVinterferometric capability, and revealed the very high quality

of the lithographically-fabricated zoneplate optics. Experience and the limitations of the conventional PDI

spurred the development of the superior phase-shifting point-diffraction interferometer (PS/PDI) (Medecki

et al. 1996). The implementation and development of this novel tool at EUVwavelengths is now in

progress on an undulator beamline at Ernest Orlando Lawrence Berkeley National Laboratory’s Advanced

Light Source synchrotron radiation facility (Goldberg et al. 1995b, 1997; Tejnil et al. 1996a, 1997).

The prototype PS/PDI is being used to test lithographic-quality multilayer-coated 10× Schwarzschild

objectives. While extensive experiments with one such objective have revealed its nearly diffraction-limited

performance, the more important data comprise a wealth of information about the performance of the

interferometer itself.
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Evaluation of the interferometer’s performance has revealed significant progress toward the accuracy

and precision targets set by the wavefront measurement requirements of EUVlithography. In tens of sepa-

rate trials performed on a 0.07 NAsub-aperture of the 10× Schwarzschild objective, a wavefront-measuring

precision better than 0.02 waves (0.27 nm, or λ/50) has been observed. Accuracy verification with imaging

experiments has shown excellent agreement between predicted and measured performance. Additionally,

the interferometer has been used in the first direct quantitative measurement of chromatic aberrations relat-

ed to the isolated properties of multilayer reflective coatings.

Accompanying the discussion of development of the experimental system and its prototypical compo-

nents, theoretical and empirical investigations of the systematic and random error sources are presented in this

thesis. The studies are presented in a very general manner and are intended to serve as a framework for

the investigation of the most significant error sources in the PS/PDI measurement of arbitrary optical sys-

tems. Special attention is given to the EUVoptical systems of interest to this research. The theoretical studies

feed back into the experimental methods and have improved the quality and reliability of the measurements.

Experimental difficulties have complicated many aspects if this research, and have necessitated the

creation of new general methods of interferogram analysis. Several techniques developed by the author

and described herein overcome the limitations of the optical system under test and problems associated

with the experimental system. Emphasis is placed on the practical implementation of robust and efficient

analysis methods, and many examples of varying complexity are presented.

The investigation of the measurement precision has identified the individual contributions of the

interferometer’s components to the measurement uncertainties. It appears clear that even with the high

performance demonstrated to date, there are several areas in which improvements are possible; and specif-

ic recommendations for such are made.

EUV interferometry research and experiments were performed between May 1993 and November

1997 using facilities of the Lawrence Berkeley National Laboratory and the University of California,

Berkeley. EUV Imaging experiments were conducted at Sandia National Laboratory, in Livermore, California.

OVERVIEW

This thesis is organized into four main sections, covering both theoretical investigations and the

results of experimental research. Part I presents a detailed investigation of the most critical physical com-

ponent of any point-diffraction interferometer:the pinhole responsible for the point-diffraction that gener-

ates the spherical reference wavefront. Here, a highly detailed vector model of the electromagnetic field in

the vicinity of the tiny pinholes is illuminated with EUVlight and investigated to predict the upper limits of

reference wavefront accuracy.

2



Part II describes the research conducted with an EUVpoint diffraction interferometer (PDI) used to

evaluate the wavefront diffracted by high-resolution Fresnel zoneplate lenses. This research paved the way

for the development of the more sophisticated phase-shifting point diffraction interferometer(PS/PDI). All

of the research related to the EUVPS/PDI is presented in Part III. Chapter 4, which provides a description

of several PS/PDI designs, is followed in Chapter 5 by a mathematical investigation of systematic error

sources and measurement issues. The interferometer configuration for the measurement of a Schwarzschild

objective is described in Chapter 6, and the measurements themselves are presented in Chapter 7. Chapter 8

contains the results of numerous experiments conducted to evaluate the performance of the interferometer.

Finally, Chapter 9 records an investigation of chromatic aberrations and the wavelength-dependent behavior

of the Schwarzschild objective related to the properties of the multilayer coatings.

The six chapters of Part IVall describe practical aspects of interferogram analysis, including detailed

procedural descriptions of the individual methods. Following a general overview in Chapter 10, Chapters

11 and 12 provide a description of the two major classes of phase-recovery methods, single interferogram

techniques and multiple interferogram phase-shifting techniques, respectively. Chapter 12 also includes a

novel phase-shifting analysis method developed by the author to overcome phase-shift calibration errors,

the Fourier-Transform Method of Phase-Shift Determination. This method eliminates problems associated

with phase-step uncertainties and fringe print-through in situations where it may be applied.

The critically important and challenging subject of phase-unwrapping is addressed in Chapter 13.

Here, following a discussion of conventional methods, a new unwrapping procedure developed by the

author is described. This method combines highly-filtered phase-information with raw phase data to per-

form what is called Fourier-Transform Guided Unwrapping. This robust method was designed to over-

come the presence of numerous invalid data regions found in the measurement of the EUVSchwarzschild

objective. It preserves all of the phase information present in the raw wrapped phasemap without suffer-

ing the complications from invalid points that plague all other unwrapping methods.

Analysis in terms of a convenient set of aberration polynomials, such as the familiar Zernike circle

polynomials, is essential for the accurate description and interpretation of the measured data. Chapter 14

describes some important properties of the Zernike polynomials and presents practical issues of how these

functions may be most effectively represented on a computer. Chapter 15 describes general methods of

wavefront surface fitting, including the very important Gram-Schmidt method of orthogonalization which

is extremely useful for minimizing uncertainties associated with polynomial fitting. A modification made

by the author to the published method streamlines the fitting procedure and reduces uncertainties by elimi-

nating the need to perform a matrix inversion in the transformation between two polynomial basis sets.
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Following the concluding remarks of Chapter 16, the seven appendices cover several auxiliary top-

ics important to this research. These include EUVoptical properties, EUVoptical systems, EUVmultilay-

er behavior, and Fresnel zoneplate lenses. Also given are the definition of fringe contrast, followed by a

Fourier-domain method of fringe contrast determination implemented by the author. Finally, there is a

note regarding the conventions used in plotting the coefficients of the Zernike polynomials when repre-

senting a wavefront surface.
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